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Abstract:  Three  equilibrium  headspace  and  three  sol¬ 
vent  extraction  methods  of  preparing  soil  samples  for 
determining  volatile  organic  compounds  (VOCs)  were 
compared.  Soil  samples  were  spiked  with  five  gasoline 
range  aromatic  compounds  and  four  chlorinated  com¬ 
pounds  using  two  different  laboratory  procedures  that 
limit  volatilization  and  biodegradation  losses.  All  com¬ 
parisons  were  made  with  sample  triplicates  of  one  or 
more  soil  types.  Recovery  efficiencies  for  the  prepara¬ 


tion  methods  depended  on  soil  organic  carbon  content, 
octanol-water  partition  coefficients  of  specific  analytes, 
length  of  solvent  extraction,  and  the  spiking  procedure 
used.  In  general,  methanol  extraction  was  the  most 
robust  method  for  recovering  spiked  VOCs.  Recovery 
efficiencies  for  VOCs  with  tetroethylene  glycol  dimethyl 
ether  and  poly(propylene)glycol,  as  well  as  three  equi¬ 
librium  headspace  methods,  varied  with  the  parameters 
tested. 
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Preparing  Soil  Samples  for 
Volatile  Organic  Compound  Analysis 

ALAN  D.  HEWITT 


INTRODUCTION 

Methods  for  the  collection  and  analysis  of  soil 
samples  thought  to  be  contaminated  with  Volatile 
Organic  Compoimds  (VOCs)  continues  to  be  an 
actively  researched  and  debated  topic.  Over  the 
last  several  years,  an  accumulating  body  of  scien¬ 
tific  evidence  has  shown  that  volatilization  (Urban 
et  al.  1989,  Siegrist  and  Jenssen  1990,  Illias  and 
Jaeger  1993,  Voice  and  Kolb  1993,  Hewitt  1994, 
Lewis  et  al.  1994,  Hewitt  et  al.  1995,  Hewitt  and 
Lukash  1996)  and  preservation  (Hewitt  1995a,b; 
Turriff  et  al.  1995;  Hewitt  1997)  issues  were  not 
adequately  addressed  by  Method  5030  (Purge- 
and-Trap)  and  Section  4.1  (Sampling)  of  the  U.S. 
Environmental  Protection  Agency's  Test  Methods 
for  Evaluating  Solid  Waste,  SW-846  (U.S.  EPA 1986). 
To  address  these  concerns,  the  U.S.  EPA  has  drafted 
two  new  sample  collection  and  analysis  proce¬ 
dures,  Methods  5035  and  5021,  for  the  third  update 
of  this  document,  while,  independently,  several 
States  have  either  considered  or  adopted  the  use 
of  an  in-field  methanol  (MeOH)  sample  preserva¬ 
tion-extraction  method. 

Distinguishing  which  method  of  sample  prep¬ 
aration  for  VOC  analysis  is  best  is  not  a  simple 
task.  This  is  because  most  of  the  evidence  show¬ 
ing  that  quantitative  VOC  soil  determinations  de¬ 
pend  on  sample  collection,  handling,  and  analy¬ 
sis  fails  to  identify  and  separate  the  determinant 
(systematic)  and  indeterminate  (random)  errors 
associated  with  each  of  the  steps  involved.  On  the 
basis  of  this  total  measurement  error  approach, 
several  methods  of  sample  preparation  (extrac¬ 
tion-equilibrium)  for  analysis  are  in  use  without 
a  clear  understanding  of  how  each  variable  quan¬ 
titatively  influences  the  results.  Only  a  few  stud¬ 
ies,  to  our  knowledge,  have  minimized  determi¬ 


nant  error  (i.e.,  volatilization  and  biological  losses) 
while  assessing  indeterminate  error  associated 
with  various  methods  of  preparing  samples  for 
analysis  (Hewitt  et  al.  1992,  Hewitt  1994,  Hewitt 
et  al.  1995,  Askari  et  al.  1996,  Minnich  et  al.  1996). 
Studies  addressing  only  sample  preparation  have 
used  in-vial  procedures,  similar  to  what  is  now 
being  recommended  in  draft  Methods  5035  and 
5021.  With  this  approach,  soil  samples  collected 
in  the  field  or  prepared  in  the  laboratory  are  trans¬ 
ferred  directly  to  hermetically  sealed  vessels  that 
contain  an  organic  solvent  or  from  which  the  anal¬ 
ysis  could  be  done. 

Results  from  using  an  in-vial  approach  have 
clearly  shown  that  different  sample  preparation 
methods  do  not  produce  the  same  quantitative 
values.  For  example,  samples  prepared  by  aque¬ 
ous  dispersion-extraction  often  yield  lower  VOC 
concentration  estimates  than  MeOH  extraction 
(Hewitt  et  al.  1992,  Hewitt  1996,  Askari  et  al.  1996, 
Minnich  et  al.  1996).  Explanations  for  these  differ¬ 
ences  have  often  focused  on  the  organic  carbon 
content  in  the  soil  matrix  and  the  octanol-water 
partition  coefficient  of  the  specific  VOC  being 
measured. 

This  study  examines  potential  differences 
among  various  methods  used  to  prepare  discrete 
soil  (grab)  samples  for  VOC  analysis.  The  extrac¬ 
tion  solvents  studied  were  MeOH,  tetraethylene 
glycol  dimethyl  ether  (tetraglyme),  and  poly 
(propylene)glycol  (PPG).  In  addition,  three  equi¬ 
librium  headspace  analysis  methods  were  also 
studied — direct  heating  (H-HS),  dispersion- 
extraction  in  water  acidified  with  sodium  bisul¬ 
fate  (Aq-NaHS04-HS),  and  dispersion-extraction 
in  water  saturated  with  sodium  chloride  and  acidi¬ 
fied  with  phosphoric  acid  (Aq-NaCl  sat'd-HS).  The 
H-HS  (thermal  desorption)  procedure  was  consis- 


tent  with  that  described  in  the  Draft  Statenmit  of 
Work  for  Quick  Tiimarotmd  Analysis  (U.S.  EPA 1993), 
while  the  Aq-NaCl  sat'd-HS  (salting-out)  method 
was  recommended  in  the  initial  draft  of  Method 
5021  (U.S.  EPA  1986). 

For  each  comparison,  all  of  the  samples  were 
handled  in  a  manner  that  prevented  volatization 
losses  prior  to  and  during  headspace-gas  chroma¬ 
tography  (HS/ GC)  analysis.  In  addition,  many  of 
the  samples  extracted  with  a  solvent  were  ana¬ 
lyzed  over  time  to  assess  extraction  kinetics  and 
long  term  analyte  concentration  stability.  The  pre¬ 
pared  laboratory  samples  included  five  soils  of 
various  organic  carbon  and  clay  contents,  spiked 
with  benzene  (Ben),  toluene  (Tol),  ethylbenzene 
(E-Ben),  p-xylene  (p-Xyl),  o-xylene  (o-Xyl),  trans- 
1,2-dichloroethene  (TDCE),  cis-l,2-dichloroethene 
(CDCE),  trichloroethene  (TCE)  and  tetrachloroet- 
hene  (PCE),  Two  laboratory-spiking  methods  were 
used — an  aqueous  treatment  with  a  2-day  sample 
equilibration,  and  vapor  fortification  with  a  4-  to 
6-week  sample  equilibration.  Longer  analyte- 
matrix  equilibration  periods  were  not  used  with 
the  aqueous  spiking  method,  since  under  these 
conditions  biodegradation  of  aromatic  compounds 
is  likely  (Hewitt  1995a,b;  Hewitt  1997). 

EXPERIMENTAL  METHODS 

Two  laboratory  sample  spiking  procedures,  six 
sample  preparation  methods,  and  one  analysis 
method  are  described  below.  Characteristics  of  the 
various  soil  matrices  studied  and  the  octanol-wa- 
ter  partition  coefficients  and  boiling  points  of  the 
analytes  are  presented  in  Tables  1  and  2  respec¬ 
tively. 

Soil  subsample  preparation 

Aqueous  treatment — experiment  I 

An  aqueous  spiking  solution  was  prepared  by 
adding  microliter  volumes  (3.1-5.8  |iL)  of  reagent 
grade  Ben,  Tol,  E-Ben,  p-Xyl,  o-Xyl,  TDCE,  CDCE, 
TCE,  and  PCE  to  a  100-mL  volumetric  flask  con¬ 
taining  about  103  mL  of  groundwater.  Once  all  the 
analytes  had  been  transferred  using  a  microliter 
syringe  (Hamilton),  the  solution  was  mixed  for  48 
hours  with  a  stirring  bar.  The  target  concentration 
of  each  analyte  was  50  mg/L;  however,  there  were 
some  volatilization  losses. 

Four  different  air-dried  soils  were  spiked  with 
this  aqueous  solution  (Table  3).  Fifteen  2.00  ±0.01- 
g  subsamples  of  each  soil  type  were  transferred  to 
1-mL  glass  ampoules  using  a  funnel  and  spatula. 


Table  1.  Soil  characteristics. 


Description 

Abbreviation 

Soil 

type 

%  organic 
carbon* 

Ottawa  sand 

Ott 

>99%  sand 

0.035 

Ft.  Edwards 

Ft.E 

>90%  clay 

0.5 

CRREL 

CR-A 

silty /sand 

1.5 

Pt.  Barrow,  Alaska 

Pt.B 

silty /clay 

7.1 

CRREL 

CR-B 

silty/sand 

0.90 

*  Leco  CR-12  furnace  analysis  (Merry  and  Spouncer  1988). 


Table  2.  Octanol-water  partition  coefficients  and 
boiling  points  of  analytes. 

Boiling 


Compound  (abbreviation) 

Log  of  octanol-water 
partition  coefficient 

point 

(x:) 

trans-l,2-dichloroethene  (TDCE) 

2.09 

47.2 

cis-l,2-dichloroethene  (CDCE) 

— 

55.0 

benzene  (Ben) 

2.13 

80.1 

trichloroethene  (TCE) 

2.53 

87.2 

tetrachloroethene  (PCE) 

2.60 

121.0 

toluene  (Tol) 

2.65 

110.6 

o-xylene  (o-Xyl) 

2.95 

144.0 

ethylbenzene  (E-Ben) 

3.13 

136.2 

p-xylene  (p-Xyl) 

3.18 

138.4 

Table  3.  Experimental  designs:  soil  types,  sample 
replicates,  and  methods  of  sample  preparation  for 
analysis. 

No.  of  rep.  Soil  types _ Methods  of  sample  preparation* 

I.  Aqueous  spike 


15 

Ott 

a.  Heated  HS 

15 

Ft.E 

b.  Aqueous  solution  acidified  with 

15 

CR-A 

NaHS04 

15 

Pt.B 

c.  Aqueous  solution  NaCl-saturated 

and  acidified  with  H3PO4 

d.  MeOH  extraction 

e.  Tetraglyme  extraction 


II.  Vapor  fortification  treatment 

6  Ott  a.  MeOH  extraction 

6  Ft.  E  b.  Tetraglyme  extraction 

6  CR-A 

6  Pt.B 

III.  Vapor  fortification  treatment 

18  CR-B  a.  Heated  HS 

b.  Aqueous  solution  acidified  with 
NaHS04 

c.  Aqueous  solution  NaCl  saturated 
and  acidified  with  H3PO4 

d.  MeOH  extraction 

e.  Tetraglyme  extraction 

_ f.  PPG  extraction _ 

*  Triplicates  of  a  soil  type  were  used  for  each  method  of  sam¬ 
ple  preparation. 
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Just  before  spiking,  each  soil-filled  ampoule  was 
placed  in  a  metal  tension  clamp.  Immediately  af¬ 
ter  a  0.200-mL  aqueous  spike  was  introduced  us¬ 
ing  a  0.500-mL  glass  syringe  (Hamilton),  the  am¬ 
poule  was  heat-sealed  with  a  propane  torch.  All 
spike  aliquots  were  taken  from  well  below  the  wa¬ 
ter/  air  interface,  and  the  stainless  steel  needle  was 
wiped  before  being  inserted  into  the  ampoule 
neck.  Depending  on  the  soil,  the  aqueous  spike 
wetted  the  surface  of  between  V2  V4  of  the 
grains. 

In  addition  to  the  soil  subsamples,  0.200-mL  ali¬ 
quots  of  the  spiking  solution  were  also  placed  into 
diree  separate  auto  sampler  Volatile  Organic-com¬ 
pound  Analysis  (VOA)  vials  (22  mL,  Tekmar)  con¬ 
taining  10  mL  of  Type  1  water,  which  were  imme¬ 
diately  given  crimp-top  caps  and  Teflon-faced  bu¬ 
tyl  rubber  septa  (Wheaton).  These  vials  were 
spiked  at  the  beginning,  middle,  and  end  of  the 
soil  sample  preparation  process  (about  1  hour)  to 
assess  whether  there  were  changes  in  VOC  con¬ 
centration  of  the  spiking  solution. 

The  60  sealed  ampoules  containing  treated  soil 
were  placed  in  a  refrigerator  at  4°C  for  2  days  to 
allow  the  analytes  to  interact  with  the  matrix.  Then 
they  were  removed  and  triplicates  of  each  soil  type 
(3  X  4)  were  randomly  assigned  to  each  of  five  dif¬ 
ferent  sample  preparation  and  analysis  protocols 
(Table  3).  Each  ampoule  was  then  placed  inside  a 
VOA  vial  and,  after  capping,  the  soil  was  dispersed 
by  hand  shaking,  causing  only  the  ampoule  to 
break.  Once  the  soil  had  been  completely  removed 
from  the  broken  ampoule,  the  VOA  vials  were 
returned  to  the  refrigerator  for  storage  until  anal¬ 
ysis.  The  three  auto  sampler  vials  used  to  monitor 
spike  concentration  and  solution  homogeneity 
were  analyzed  by  HS/GC  within  24  hours  of 
preparation. 

Vapor  fortification  treatment — experiments  II  and  III 

Two  separate  experiments  were  performed  with 
vapor-fortified  soils.  The  first  used  six  replicates 
of  four  soil  types  (Table  3).  The  second  experiment 
used  18  replicates  of  the  CR-B  soil  (Table  3).  For 
both  experiments,  ampoules  containing  2.00  ±0.01 
g  of  soil  were  placed  in  a  desiccator  with  anhy¬ 
drous  CaS04  for  48  hours  (Hewitt  and  Grant  1995). 
After  desiccation,  the  CaS04  was  replaced  with  a 
small  glass  bottle  containing  5  mL  of  tetraglyme 
and  0.5  mL  of  a  MeOH-based  stock  standard.  The 
stock  standard  had  been  prepared  by  adding  (and 
weighing)  0.100  mL  of  TDCE,  CDCE,  Ben,  TCE, 
and  PCE,  and  0.150  mL  of  Tol,  E-Ben,  p-Xyl,  and 
o-Xyl  to  MeOH,  then  takiag  it  to  volume  in  a  25- 


mL  volumetric  flask.  The  fortification  solution  and 
open  ampoules  of  soil  were  left  in  the  desiccator 
at  room  temperature  (22  ±2°C)  for  periods  of  33 
and  44  days  for  experiments  I  and  II  respectively. 
At  the  end  of  this  period,  the  desiccator  was 
opened  and  a  5-mm  glass  bead  was  placed  on  top 
of  each  ampoule.  Then,  as  quickly  as  possible,  each 
was  heat  sealed  with  a  propane  torch. 

The  sealed  ampoules  were  then  stored  for  4  or 
7  days  ia  a  refrigerator  (4°C)  before  triplicates  were 
removed  for  different  sample  preparation  and 
analysis  protocols.  In  experiment  II,  triplicates  of 
each  of  the  four  soil  types  were  transferred  to  VOA 
vials  (44  mL)  containing  either  10  mL  of  MeOH  or 
tetraglyme.  In  experiment  III,  preparation  of  sam¬ 
ples  for  analysis  was  staggered  over  a  2-day  period 
so  that  analyte  determinations  could  be  made 
within  2  hours  of  the  ampoule  being  broken  or 
when  a  0.100-mL  aliquot  of  the  extraction  solvent 
was  removed  after  2  hours  of  contact  with  the  spec¬ 
imen. 

Subsample  preparation  for  analysis 

We  evaluated  six  different  sample  preparation 
procedures  to  determine  how  efficiently  they 
recovered  VOCs  from  the  laboratory-treated  soils. 
With  a  HS  equilibrium  method,  each  sample  could 
only  be  analyzed  once.  In  contrast,  several  aliquots 
could  be  removed  when  samples  were  placed  in 
an  extraction  solvent,  thus  allowing  for  an  assess¬ 
ment  of  extraction  kinetics  and  holding  time  ana¬ 
lyte  concentration  stability  (Table  4). 


Table  4.  Solvent  extraction 
periods  and  conditions. 

Extraction  period 
Solvent  and  conditions _ 

I.  Aqueous  spike 

MeOH  5  days 

Tetraglyme  6  days 

II.  Vapor  fortification  treatment 

MeOH  1)  <2  hours 

2)  2  days 

3)  4  days 

4)  41  days 

5)  79  days 

Tetragylme  Same  as  MeOH 

III.  Vapor  fortification  treatment 

MeOH  1)  <2  hours 

2)  2  days 

3)  4  days 

4)  29  days 

Tetraglyme  Same  as  MeOH 
PPG  Same  as  MeOH 
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Heated  equilibrium  HS/GC  analysis  (H-HS) 

Ampoules  containing  laboratory  spiked  soil 
were  transferred  to  empty  auto  sampler  VOA  vials, 
which  were  then  capped.  Once  the  vials  were  her¬ 
metically  sealed,  the  ampoules  were  broken  and 
the  soil  was  completely  dispersed  by  careful  hand 
shaking.  In  all  cases  the  samples  were  analyzed 
on  the  same  day  that  the  ampoules  were  broken; 
after  the  sample  was  heated  to  60°C  for  50  min¬ 
utes,  HS  vapors  were  removed.  This  procedure  is 
consistent  with  that  described  in  the  Draft  State¬ 
ment  of  Work  for  Quick  Turnaround  Analysis  (U.S. 
EPA 1993). 

Aqueous  dispersion-extraction  in  a  NaCl-saturated 
solution  acidified  with  using  equilibrium 

HS/GC  analysis  (Aq-NaCL  sat'd-HS) 

An  aqueous  dispersion-extraction  solution  was 
prepared  by  acidifying  500  mL  of  Type  1  water 
with  H3PO4  to  pH  2,  then  adding  180  g  of  NaCl; 
10  mL  of  this  solution  was  transferred  to  an  auto 
sampler  VOA  vial  and  an  ampoule  of  spiked  soil 
was  added.  Once  the  vials  were  sealed,  the  am¬ 
poules  were  broken  and  their  contents  complete¬ 
ly  dispersed.  These  samples  were  analyzed  1  day 
after  the  ampoules  were  broken  when  they  were 
spiked  with  an  aqueous  solution  (experiment  I), 
and  within  2  hours  when  they  were  vapor  forti¬ 
fied  (experiment  III).  Before  HS  vapors  were 
removed,  the  soil  water  slurry  was  heated  to  85°C 
for  60  minutes.  This  sample  preparation  and  anal¬ 
ysis  procedure  is  consistent  with  that  currently 
described  in  draft  Method  5021  (U.S.  EPA  1986). 

Aqueous  dispersion-extraction  in  a  solution  acidified 
with  NaHSOp  using  equilibrium  HS/GC  analysis 
(Aq-NaHSO^-HS) 

We  placed  10  mL  of  Type  1  water  and  0.25  g  of 
NaHS04  into  auto  sampler  VOA  vials,  then  intro¬ 
duced  ampoules.  Once  the  vials  were  sealed,  the 
ampoules  were  broken  and  their  contents  com¬ 
pletely  dispersed.  Samples  were  analyzed  2  days 
after  dispersion-extraction  when  prepared  by 
aqueous  treatment,  and  within  2  hours  when 
vapor-fortified.  Before  HS  vapors  were  removed, 
the  VOA  vial  was  held  for  20  minutes  at  25'^C. 

MeOH  extraction 

HPLC  grade  MeOH  was  transferred  to  VOA  vi¬ 
als  and  an  ampoule  was  placed  in  each.  A  10-mL 
volume  was  used  for  the  aqueous  treatment  and  5 
mL  was  used  for  vapor-fortified  soils.  After  we 
capped  the  vials,  the  ampoules  were  broken,  and 
the  soil  was  completely  dispersed  by  hand  shak¬ 


ing.  For  the  aqueous  spiked  samples,  a  0.100-mL 
aliquot  was  removed  from  each  5  days  after  we 
initiated  extraction.  Each  aliquot  was  transferred 
to  an  auto  sampler  vial  containing  10  mL  of  Type 

1  water.  Using  this  same  procedure,  we  did  analy¬ 
ses  after  various  extraction  times,  ranging  from 
less  than  2  hours  to  79  days  (Table  4)  for  the  vapor- 
fortified  soils.  Before  HS  vapors  were  removed 
from  the  VOA  vials  containing  the  aqueous-MeOH 
solutions,  they  were  held  for  20  minutes  at  25°C. 

Tetraglyme  extraction 

Samples  extracted  with  tetraglyme  used  the 
same  solvent  volumes  and  were  analyzed  using 
the  same  procedure  as  described  for  MeOH.  For 
the  aqueous  spiked  samples,  a  0.500-mL  aliquot 
was  transferred  6  days  after  we  initiated  the  ex¬ 
traction.  These  aliquots  were  placed  into  VOA  vi¬ 
als,  and  9.5  mL  of  Type  1  NaCl-saturated  water 
was  added.  For  the  vapor-fortified  soils,  0.100-mL 
aliquots  were  transferred  to  VOA  vials  containing 
10  mL  of  Type  1  water.  As  for  MeOH,  several 
extraction  periods  were  used  (Table  4). 

Poly(propylene)glycol  extraction 

Only  soil  samples  prepared  for  the  second 
vapor  fortification  experiment  (experiment  III) 
were  extracted  with  PPG.  Extraction  and  analysis 
were  identical  to  those  described  for  MeOH  and 
tetraglyme. 

Analysis 

All  samples  were  analyzed  with  a  HS  auto  sam¬ 
pler  (Tekmar  7000)  coupled  to  a  GC  (SRI  model 
8610-0050)  equipped  with  a  15-m  DBl  0.53-mm 
i.d.  capillary  column  and  sequential  photo  ioniza¬ 
tion-flame  ionization  detectors.  Just  before  the 
VOA  vials  (22  mL)  were  transferred  to  the  auto 
sampler  system,  each  was  shaken  for  approximately 

2  minutes.  Vial  pressurization  settings  of  7  and  10 
lb/in.2  (48  and  69  kPa)  were  used,  respectively,  for 
the  25  and  85°C  equilibration  temperature  settings. 

For  each  sample  preparation  procedure,  ana¬ 
lyte  concentrations  were  established  relative  to  HS 
standards  prepared  by  adding  small  (microliter) 
quantities  of  a  MeOH  stock  solution  to  auto  sam¬ 
pler  vials  containing  the  same  solution  composi¬ 
tion  and  volume  as  the  samples  (e.g.,  10  mL  of  Type 
1  water  and  0.100  mL  of  solvent  or  appropriate 
salt-acid).  However,  since  the  2  g  of  soil  and  the 
broken  glass  ampoules  were  present  for  the  three 
equilibrium  methods,  these  samples  contained  an 
additional  phase  and  had  a  reduced  HS  volume 
(i.e.,  the  glass  ampoule  and  soil  occupied  approx- 
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imately  2  cm^)  compared  to  the  standards.  No  cor¬ 
rections  were  made  for  this  discrepancy  between^ 
the  samples  and  standards. 

To  determine  if  there  were  any  significant 
matrix  effects,  and  if  analyte  concentrations  var¬ 
ied  between  sample  preparation  methods  or  with 
length  of  extraction,  a  one-way  analysis  of  vari¬ 
ance  (ANOVA)  and  least-significant-differences 
(Fisher's  Protected  LSD)  analysis  were  applied  at 
the  95%  confidence  level. 

RESULTS 

Aqueous  treatment — experiment  I 

The  spike  amounts  and  the  amalyte  recoveries 
from  the  different  soil  matrices,  as  achieved  by  five 
different  subsample  preparation  methods,  appear 
in  Table  5.  The  standard  deviations  of  these  ana¬ 
lyte  determinations  (jig  VOC)  demonstrate  that 
each  sample  preparation  and  analysis  procedure 
was  precise  (Relative  Standard  Deviations  [RSDs] 
were  generally  less  than  5%).  A  one-way  ANOVA 
was  conducted  at  the  95%  confidence  level  for  each 
sample  preparation  method  and  each  analyte  to 
see  if  there  were  any  significant  differences  be¬ 
tween  the  spiked  and  measured  concentrations  for 
the  various  soil  matrices.  In  addition,  Fisher's  Pro¬ 
tected  LSD  was  used  to  determine  which  values 
were  significantly  different  from  each  other. 

Results  for  the  aqueous  spiked  samples  are  pre¬ 
sented  in  Table  5.  This  table  is  arranged  with  ana¬ 
lytes  of  increasing  octanol-water  partition  coeffi¬ 
cient  going  down  the  column,  and  soil  matricies 
with  increasing  organic  carbon  content  across  the 
row.  These  results  are  also  presented  as  percent 
recoveries  in  Figure  1. 

MeOH  extraction  was  the  only  sample  prepa¬ 
ration  method  that  was  able  to  achieve  quantita¬ 
tive  recoveries  for  all  the  analytes  in  all  soils  tested 
(Fig.  1).  Tetraglyme  showed  good  recoveries  of 
TDCE,  CDCE,  and  Ben;  however,  recoveries  of  the 
other  analytes  from  the  soils,  other  than  Ott  sand, 
often  were  significantly  lower  than  expected.  Per¬ 
cent  recoveries  declined  as  the  percent  organic 
carbon  in  the  soil  matrix  and  the  octanol-water 
partition  coefficients  of  the  analytes  increased 
(Table  5).  In  the  worst  case,  recovery  of  E-Ben  from 
the  Pt.  B  soil  was  about  73%. 

In  general,  the  pattern  established  for  tetra¬ 
glyme  was  also  repeated  by  each  of  the  equilibri¬ 
um  HS  sample  preparation  and  analysis  methods, 
except  that  the  number  and  magnitude  of  differ¬ 
ences  between  the  spiked  and  recovered  amounts 
increased  (Fig.  1).  For  the  HS  methods,  percent  re¬ 


coveries  were  much  lower  for  high  Kqw  analytes 
in  soils  with  high  organic  carbon.  In  the  worst  case, 
only  about  8%  of  the  o-Xyl  spiked  onto  the  Pt.  B 
soil  was  recovered  using  the  Aq-NaCl  sat'd-HS 
method. 

Vapor  fortification  treatment — experiment  II 

Table  6  shows  means  and  standard  deviations 
of  the  analyte  concentration  estimates  for  five  sepa¬ 
rate  extraction  periods,  using  MeOH  and  tetra¬ 
glyme,  with  the  Ft.  E,  CR-A,  and  Pt.  B  soils.  In  ad¬ 
dition,  concentrations  for  a  single  extraction  peri¬ 
od  with  tetraglyme  are  reported  for  the  Ott  soil. 
As  with  the  aqueous  treatment  method,  the  pro¬ 
cedure  for  preparing  vapor  fortification  samples 
was  precise  (RSDs  were  generally  less  than  5%, 
except  for  the  Ott  soil).  Two  ANOVAs  were  calcu¬ 
lated  at  the  95%  confidence  level  with  this  data 
set.  One  analyzed  changes  in  analyte  concentra¬ 
tion  for  each  soil  type  and  solvent  relative  to 
extraction  period;  the  other  compared  the  analyte 
concentrations  established  by  the  two  solvents  for 
the  4-day  extraction  period  only.  In  each  case  the 
Fisher's  Protected  LSD  was  used  to  determine 
when  values  were  significantly  different. 

Examination  of  Table  6  shows  that  each  soil 
matrix  sorbed  different  amounts  of  the  analytes 
during  the  vapor  fortification  process,  as  expected. 
The  Ott  soil,  which  mainly  consists  of  quartz 
(Si02),  showed  very  little  affinity  for  VOC  sorp¬ 
tion.  Indeed,  the  concentration  estimates  for  the 
Ott  soil  were  only  a  few  percent  of  those  estimates 
for  other  matrices.  To  determine  the  VOC  concen¬ 
trations  on  the  Ott  soil,  a  1.00-mL  aUquot  of  the 
tetraglyme  extract  had  to  be  transferred  to  a  VO  A 
vial,  then  9  mL  of  NaCl  saturated  solution  added. 
Among  the  other  matrices,  sorption  capacity  for 
VOCs  was  greatest  for  the  Ft.  E  soil,  followed 
closely  by  the  Pt.  B  soil,  while  the  CR-A  soil  sorbed 
only  about  half  as  much. 

Figure  2  gives  plots  of  the  mean  concentrations 
determined  for  each  extraction  period  by  solvent 
extraction  of  the  Ft.  E,  CR-A,  and  Pt.  B  soils.  Points 
on  these  figures  labeled  with  the  same  letter  are 
not  significantly  different  among  extraction  peri¬ 
ods.  Several  patterns  were  established  relative  to 
a  given  solvent  and  soil.  The  rate  of  extraction  was 
fast  (often  attaining  the  maximum  concentration 
in  2  hours)  for  MeOH  with  the  Pt.  B  soil  and  the 
Ft.  E  soil.  For  the  CR-A  soil,  both  solvents,  and  for 
the  Pt.  B  soil  extracted  with  tetraglyme,  VOCs  were 
slowly  extracted  over  the  first  4  to  41  days,  fol¬ 
lowed  sometimes  by  a  small  concentration 
decrease.  Lastly,  a  very  distinct  re-adsorption. 
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Table  5.  Means  and  standard  deviations  of  triplicate  analyte  amounts  for 
aqueous  spiked  samples.  For  each  analyte  with  the  same  method  of  sample 
preparation  and  analysis,  values  with  the  same  letter  (or  no  letter  at  all)  are  not 
significantly  different  from  each  other  at  the  95%  confidence  level. 


Analyte  concentration  (]xg) 


Analvte 

Svike 

Ott 

Ft.E 

CR-A 

Pt.B 

MeOH  extraction 
TDCE*  8.26±0.25 

8.23±0.21 

8.5710.10 

8.2310.46 

8.33+0.17 

CDCE 

8.45±0.24 

8.15±0.41 

8.7010.16 

8.4210.44 

8.53+0.28 

Ben 

5.83+0.18 

5.60±0.21 

5.9310.11 

5.7510.30 

5.8610.20 

TCE 

9.98±0.29 

9.58+0.46 

9.7510.14 

9.6410.40 

9.82+0.33 

PCE 

9.10±0.28 

8.6610.35 

9.2410.16 

8.9510.45 

8.9410.46 

Tol 

6.54±0.20 

6.5810.28 

6.6910.18 

6.6410.43 

6.5610.18 

o-Xyl 

6.71+0.20 

7.0310.57 

7.2010.08 

7.10+0.29 

6.9210.19 

E-Ben 

6.23+0.26 

6.0810.27 

6.5010.16 

6.3810.48 

6.2910.40 

p-Xyl 

6.22+0.14 

6.2710.20 

6.5010.16 

6.5510.65 

6.3410.31 

Tetraglyme  extraction 
TDCE  8.26±0.25a 

8.30±0.12a 

7.7610.03b 

7.68±0.32b 

8.0210.28a,b 

CDCE 

8.45±0.24a 

8.2810.10a,b 

7.9310.16b 

7.8710.40b 

8.17l0.18a,b 

Ben 

5.83±0.18 

5.8210.12 

5.5710.06 

5.5510.17 

5.6210.19 

TCE 

9.98±0.29a 

10.010.26a 

9.4210.10b 

9.5610.40a, b 

9.3810.35 

PCE 

9.10±0.28a 

8.87i0.16a,b 

8.42±0.36b 

8.3910.10b 

7.6410.51c 

Tol 

6.54±0.20a 

6.4210.14a,b 

6.13l0.15b,c 

6.1410.15b,c 

5.8710.27c 

o-Xyl 

6.71±0.20a 

6.58i0.18a 

6.32i0.42a 

6.3210.04a 

5.0310.35b 

E-Ben 

6.23±0.26a 

5.87i0.14a 

5.4810.20b 

5.4710.08b 

4.5610.25c 

p-Xyl 

6.22+0.14a 

6.0210.13a,b 

5.67l0.25b,c 

5.5310.12c 

4.64i0.28c 

Heated 

TDCE 

HS  analysis 
8.26±0.25a,b 

8.68i0.22a 

8.1210.41b 

8.22l0.20a,b 

8.09+0.20b 

CDCE 

8.45±0.24b 

9.2410.16a 

8.5610.38b 

8.30i0.27b 

6.9410.08c 

Ben 

5.83±0.18a,b 

6.1010.14a 

5.7510.26b 

5.7310.09b 

4.4710.06c 

TCE 

9.98+0.29a,b 

10.510.15a 

9.72l0.44b,c 

9.2810.42c 

7.17l0.07d 

PCE 

9.10+0.28a,b 

9.7410.32a 

8.8610.46b,c 

8.4510.39c 

5.38l0.29d 

Tol 

6.54±0.20b 

7.0010.23a 

6.1810.39b 

6.1510.05b 

3.8410.10c 

o-Xyl 

6.71+0.20b 

7.38i0.16a 

5.9810.28c 

5.48l0.04d 

2.2410.13e 

E-Ben 

6.23+0.26b 

6.93i0.20a 

5.6810.40c 

5.5810.18c 

2.72l0.06d 

p-Xyl 

6.22±0.14b 

6.8010.16a 

5.70i0.16c 

5.4010.13d 

2.57i0.14e 

HS  analysis  of  soil-water  slurry  preserved  with  NaHS04 

TDCE  8.26±0.25a  8.35±0.09a  5.56±0.37d  7.81±0.21b 

6.54i0.21c 

CDCE 

8.45±0.24a 

8.3710.06a 

5.58i0.41d 

7.8310.17b 

6.4010.24c 

Ben 

5.83±0.18a 

5.83+0.02a 

3.9510.25c 

5.41i0.12b 

4.03+0.13C 

TCE 

9.98+0.29a 

10.2i0.21a 

6.6010.74c 

8.7110.21b 

5.2110.10d 

PCE 

9.10±0.28a 

9.1010.07a 

5.7110.34b 

5.85+0.13b 

2.32+0.06C 

Tol 

6.54+0.20a 

6.5110.05a 

4.3410.28c 

5.4610.17b 

2.9510.08d 

o-Xyl 

6.71±0.20a 

6.6210.16a 

4.3710.20b 

3.9110.15c 

1.4610.08d 

E-Ben 

6.23+0.26a 

6.3710.08a 

4.09i0.23b 

3.9910.18b 

1.5310.05c 

p-Xyl 

6.22±0.14a 

6.0010.16a 

3.8710.26b 

3.5110.14c 

1.31i0.07d 

HS  analysis  of  soil-water  slurry  saturated  with  NaCl 

and  acidified  with  H3PO4 

TDCE 

8.26±0.25a 

8.85+0.46a 

6.74±0.69b 

6.67i0.10b 

4.58i0.09c 

CDCE 

8.45±0.24a 

8.66+0.29a 

6.4510.75b 

6.10i0.21b 

3.4210.04c 

Ben 

5.83+0.18a 

6.3310.31a 

4.7110.55b 

4.2410.17b 

2.0910.20c 

TCE 

9.98±0.29a 

10.8i0.61a 

7.3710.95b 

5.9110.39c 

2.5110.15d 

PCE 

9.10±0.28b 

9.9910.51a 

5.39i0.34c 

3.45+0.37d 

1.24+0.13e 

Tol 

6.54+0.20b 

7.16i0.28a 

4.6910.32c 

3.20l0.22d 

1.18+0.08e 

o-Xyl 

6.71±0.20a 

6.9310.32a 

3.3310.27b 

1.6010.10c 

0.53l0.02d 

E-Ben 

6.23±0.26b 

6.9410.30a 

3.4010.18c 

1.84l0.16d 

0.6210.02e 

p-Xyl 

6.22±0.14a 

6.5410.37a 

3.0710.29b 

1.61i0.14c 

0.5410.03d 

*  See  Table  2  for  full  names. 
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chemical  transformation,  or  loss  (destruction) 
trend  was  seen  with  chlorinated  compounds  after 
4  days  for  the  tetraglyme  extraction  from  the  Ft.  E 
soil.  This  was  particularly  striking  for  TCE  and 
PCE  (Fig.  2d  and  f). 

Table  6  also  shows  the  results  of  the  statistical 
analysis  of  the  comparison  of  the  extraction  effi¬ 
ciencies  of  these  two  solvents  for  the  4-day  extrac¬ 
tion  period.  The  4-day  period  was  chosen  since 
the  highest  analyte  concentrations  often  occurred 


for  this  extraction  time.  This  statistical  analysis 
showed  that  MeOH  consistently  produced  high¬ 
er  concentration  estimates  for  all  of  the  VOCs  with 
the  Ft.  B  and  CR-A  soils,  while  there  were  no  sig¬ 
nificant  differences  between  these  two  solvents  for 
the  Ft.  E  soil. 

Vapor  fortification  treatment — experiment  III 
Table  7  shows  means  and  standard  deviations 
for  VOC  concentration  estimates  by  six  different 
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Table  6.  Means  and  standard  deviations  of  triplicate  analyte  concentrations  established  for  experiment  II 
with  vapor-fortified  samples,  for  various  extraction  periods. 


Analyte  concentration  Ana Ixjte  concen tration  ( \ig/g) 


Analute 

Ott 

Ft.E 

CP 

Pt.B 

Analyte  Ott 

Ft.  E 

CR 

Pt.B 

MeOH  extraction,  <  2  hours 

TDCE*  ND  3.87±0.06 

1.8310.10 

4.9110.06 

Tetraglyme  extraction,  4  days 
TDCE  4.01±0.14 

1.57l0.ir^ 

4.1410.36** 

CDCE 

ND 

11.910.25 

2.2310.09 

6.3010.13 

CDCE 

12.410.46 

1.8610.08** 

4.8610.54** 

Ben 

ND 

8.7510.04 

2.1810.12 

6.1610.10 

Ben 

9.0710.24 

1.7910.07** 

4.5510.34** 

TCE 

ND 

7.8110.14 

2.9910.09 

8.1910.11 

TCE 

8.1510.25 

2.5110.12** 

6.3810.49** 

PCE 

ND 

10.910.06 

4.2210.12 

12.010.15 

PCE 

11.210.15 

3.8510.13** 

10.110.62** 

Tol 

ND 

14.110.32 

3.6010.10 

9.6710.08 

Tol 

14.710.40 

3.2310.18** 

7.5710.46** 

o~Xyl 

ND 

15.210.46 

3.88+0.16 

10.810.10 

o-Xyl 

16.110.12 

3.6110.21** 

8.6210.48** 

E-Ben 

ND 

17.110.35 

4.0710.16 

9.8110.09 

E-Ben 

18.110.30 

3.8010.48** 

8.0710.45** 

p-Xyl 

ND 

16.810.21 

4.4410.13 

11.210.32 

p-Xyl 

17.510.81 

4.0210.34** 

8.8810.36** 

Tetraglyme  extraction, 
TEX:E  0.16±0.25+ 

<  2  hours 
3.7310.05 

1.0710.04 

2.8910.21 

MeOH  extraction,  41  days 

TDCE  3.70+0.04 

1.9410.13 

4.9210.09 

CDCE 

0.082±0.011 

11.710.23 

1.2110.05 

3.1710.23 

CDCE 

11.410.36 

2.5810.11 

6.19+0.06 

Ben 

0.081±0.004 

8.5610.11 

1.1110.03 

3.0510.19 

Ben 

8.7110.38 

2.5410.15 

6.0210.32 

TCE 

0.092±0.009 

7.7410.11 

1.5610.06 

4.4510.29 

TCE 

7.6310.10 

3.5910.10 

8.4210.26 

PCE 

0.084±0.007 

10.810.20 

2.3310.04 

7.3410.33 

PCE 

11.010.25 

4.8910.02 

12.010.45 

Tol 

0.063±0.009 

13.410.31 

1.9210.17 

5.1110.27 

Tol 

14.010.25 

4.3310.22 

9.5910.27 

o-Xyl 

0.040+0.003 

14.710.26 

2.1210.02 

5.5710.37 

o-Xyl 

14.810.10 

4.4910.09 

9.8710.32 

E-Ben 

0.037+0.004 

16.210.26 

2.2010.05 

5.3610.33 

E-Ben 

17.610.15 

4.87+0.09 

9.8010.13 

p-Xyl 

0.045±0.007 

16.210.15 

2.3710.10 

5.9410.29 

p-Xyl 

16.610.74 

5.0210.15 

10.710.17 

MeOH 

TDCE 

extraction,  2  days 

3.8910.13 

2.0410.07 

4.9110.13 

Tetraglyme  extraction,  41  days 
TDCE  3.0510.22 

1.5410.04 

4.5810.20 

CDCE 

11.810.26 

2.4610.04 

6.0710.16 

CDCE 

10.910.96 

1.8810.02 

5.3610.32 

Ben 

8.6910.26 

2.4410.07 

5.8710.24 

Ben 

8.4710.15 

1.8510.11 

5.0210.48 

TCE 

7.8810.28 

3.3810.09 

8.0210.29 

TCE 

3.3010.24 

2.1610.22 

6.9810.39 

PCE 

10.610.21 

4.6410.15 

11.510.40 

PCE 

7.7010.27 

3.7510.09 

11.210.68 

Tol 

13.810.50 

4.1010.05 

9.1910.15 

Tol 

13-410.38 

3.3010.07 

8.1910.30 

o-Xyl 

15.110.76 

4.1810.08 

9.2110.27 

o-Xyl 

14.110.80 

3.6410.24 

8.9010.16 

E-Ben 

16.510.36 

4.4910.05 

8.8810.22 

E-Ben 

16.710.81 

3.9410.17 

8.8710.29 

p-Xyl 

16.610.25 

4.9410.20 

10.410.32 

p-Xyl 

15.710.78 

3.9410.22 

9.2610.43 

Tetraglyme  extraction,  2  days 
TDCE  3.85+0.11 

1.3110.06 

3.4510.29 

MeOH  extraction,  79  days 

TDCE  3.72+0.18 

1.7310.36 

4.7210.11 

CDCE 

11.810.56 

1.5210.05 

3.8510.40 

CDCE 

11.410.32 

2.42+0.22 

5.9810.07 

Ben 

8.6510.33 

1.4310.07 

3.5810.32 

Ben 

8.32+0.20 

2.3510.20 

5.6710.12 

TCE 

7.6510.34 

2.0110.11 

5.0910.41 

TCE 

7.6310.24 

3.4910.13 

7.9310.05 

PCE 

10.710.21 

3.2110.15 

8.3210.69 

PCE 

10.210.21 

4.6910.06 

11.110.15 

Tol 

13.410.46 

2.5910.13 

6.0310.57 

Tol 

13.610.31 

4.3410.09 

9.2110.12 

o-Xyl 

14.710.26 

2.8810.22 

6.3210.49 

o-Xyl 

15.410.31 

4.8610.17 

9.99+0.10 

E-Ben 

17.010.12 

3.1810.16 

6.3510.93 

E-Ben 

17.510.51 

4.8910.16 

9.1210.13 

p-Xyl 

16.310.30 

3.3810.26 

7.0710.67 

p-Xyl 

16.110.78 

5.1810.06 

10.710.17 

MeOH  extraction,  4  days 

TDCE  3.88+0.07 

2.2710.13 

5.2210.12 

Tetraglyme  extraction,  79  days 
TDCE  1.84+0.21 

0.9810.02 

3.5310.24 

CDCE 

11.910.21 

2.7910.14 

6.5510.10 

CDCE 

9.5810.72 

1.7910.10 

5.0810.42 

Ben 

8.8610.07 

2.7310.07 

6.2810.10 

Ben 

7.5210.50 

1.6310.12 

4.5310.26 

TCE 

7.9510.11 

3.7410.05 

8.5310.20 

TCE 

1.1810.31 

1.42+0.29 

6.3810.44 

PCE 

10.910.10 

4.9510.10 

12.310.12 

PCE 

5.0110.82 

2.9110.26 

10.0+0.30 

Tol 

14.010.26 

4.4710.21 

9.7410.33 

Tol 

12.510.87 

3.2310.16 

7.8610.46 

o-Xyl 

15.910.12 

4.9410.24 

10.9+0.31 

o-Xyl 

15.111.04 

3.9810.24 

9.6910.43 

E-Ben 

17.710.12 

5.0610.01 

9.9210.19 

E-Ben 

16.211.41 

4.0710.12 

8.4310.32 

p-Xyl 

17.210.60 

5.4510.08 

11.2+0.42 

p-Xyl 

15.910.76 

4.3010.32 

9.7410.32 

*  See  Table  2  for  full  names. 

t  Analyzed  after  1  day  extraction  by  transferring  1.0-mL  aliquot  to  VOA  vial  and  adding  9.0  mL  of  NaCl-saturated  solution. 
Significantly  different  at  the  95%  confidence  level,  between  MeOH  and  tetraglyme  extractions. 
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Figure  2.  Mean  analyte  concentrations  determined  for  each  extractant  and  extraction  period  for  the 
CR-A,  Ft.  E,  and  Ft.  B  vapor-fortified  soils  with  MeOH  and  tetraglyme.  Soils  designated  with  differ¬ 
ent  letters  are  significantly  different  at  the  95%  confidence  level. 
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Figure  2  (coni' d).  Mean  analyte  concentrations  determined  for  each  extractant  and  extraction  period 
for  the  CR-A,  Ft.  E,  and  Pt.  B  vapor-fortified  soils  with  MeOH  and  tetraglyme.  Soils  designated  with 
different  letters  are  significantly  different  at  the  95%  confidence  level 
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Table  7.  Means  and  standard  deviations  of  triplicate  analyte  values  for  experiment  III  performed 
with  vapor-fortified  CR-B  soil.  For  each  analyte  with  the  same  method  of  sample  preparation  and 
analysis,  values  with  the  same  letter  (or  no  letter  at  all)  are  not  significantly  different  from  each  other. 


_ Anah/te  concentration  _ 

Method _ Time  TDCE  CDCE  Ben  TQE  Tol  PCE  E-Ben  p-Xyl  o-Xyl 


HS-NaHS04 

HS-NaCl/H3P04 

Heated  HS 

MeOH 

Tetraglyme 

PPG 

MeOH 

Tetraglyme 

PPG 

MeOH 

Tetragylme 

PPG 

MeOH 

Tetragylme 

PPG 


1-2  hr 

0.68c 

±0.05 

1-2  hr 

0.45d 

±0.02 

1-2  hr 

1.28a 

±0.02 

<2  hr 

0.89b 

±0.02 

<2  hr 

0.50d 

±0.07 

<2  hr 

0.51d 

±0.09 

2  days 

2.47 

±0.04 

2  days 

0.68 

±0.02 

2  days 

0.59 

±0.06 

4  days 

2.83 

±0.04 

4  days 

0.69 

±0.21 

4  days 

0.64 

±0.06 

29  days 

4.09 

±0.08 

29  days 

0.77 

±0.25 

29  days 

0.77 

±0.07 

1.53a 

1.40a 

±0.12 

±0.08 

1.15b 

0.99c 

±0.01 

±0.01 

1.12b 

1.04bc 

±0.08 

±0.02 

1.47a 

1.14b 

±0.00 

±0.01 

1.10b 

0.76d 

±0.11 

±0.08 

0.99b 

0.68d 

±0.19 

±0.14 

2.37 

1.54 

±0.03 

±0.04 

1.26 

0.93 

±0.15 

±0.10 

1.11 

0.76 

±0.17 

±0.12 

2.68 

1.58 

±0.03 

±0.07 

1.27 

0.96 

±0.14 

±0.09 

1.21 

0.82 

±0.14 

±0.09 

3.77 

2.16 

±0.06 

±0.05 

1.34 

1.04 

±0.17 

±0.06 

1.26 

0.85 

±0.14 

±0.13 

1.64a 

2.54a 

±0.07 

±0.05 

1.05c 

1.61c 

±0.02 

±0.01 

1.34b 

1.57c 

±0.03 

±0.01 

1.52a 

2.26b 

±0.05 

±0.08 

1.04c 

1.45c 

±0.11 

±0.12 

0.91c 

l.lOd 

±0.18 

±0.25 

2.44 

3.44 

±0.07 

±0.17 

1.22 

1.89 

±0.11 

±0.12 

1.04 

1.32 

±0.16 

±0.27 

2.52 

3.52 

±0.09 

±0.11 

1.18 

2.04 

±0.11 

±0.17 

1.11 

1.46 

±0.14 

±0.20 

4.03 

4.80 

±0.17 

±0.07 

0.99 

2.46 

±0.20 

±0.13 

1.25 

1.55 

±0.18 

±0.29 

2.49a 

2.56a 

±0.07 

±0.12 

1.62c 

1.58c 

±0.03 

±0.02 

1.95b 

1.20d 

±0.03 

±0.01 

2.29a 

2.59a 

±0.10 

±0.10 

1.64c 

1.81c 

±0.16 

±0.13 

1.34d 

1.26d 

±0.30 

±0.22 

3.46 

4.04 

±0.11 

±0.18 

2.14 

2.40 

±0.14 

±0.17 

1.57 

1.49 

±0.29 

±0.32 

3.04 

3.85 

±0.17 

±0.35 

2.05 

2.50 

±0.16 

±0.18 

1.63 

1.65 

±0.24 

±0.24 

4.44 

5.04 

±0.02 

±0.07 

2.23 

3.17 

±0.15 

±.015 

1.79 

1.78 

±0.30 

±0.36 

2.41b 

2.36b 

±0.06 

±0.05 

1.40d 

1.37b 

±0.03 

±0.05 

1.09e 

0.93e 

±0.02 

±0.01 

2.76a 

2.79a 

±0.14 

±0.07 

1.71c 

1.63c 

±0.18 

±0.10 

1.20de 

1.18d 

±0.33 

±0.24 

4.99 

4.40 

±0.16 

±0.23 

2.48 

2.42 

±0.11 

±0.16 

1.39 

1.31 

±0.25 

±0.25 

4.97 

4.30 

±0.40 

±0.37 

2.76 

2.58 

±0.22 

±0.28 

1.58 

1.48 

±0.21 

±0.26 

6.66 

5.54 

±0.19 

±0.17 

3.49 

3.36 

±0.20 

±0.25 

1.80 

1.59 

±0.41 

±0.21 

*  See  Table  2  for  full  names. 


sample  preparation  methods  for  vapor-fortified 
samples.  For  this  six-method  comparison,  samples 
were  either  prepared  and  analyzed  within  2  hours 
or  a  solvent  aliquot  was  removed  within  2  hours 
of  the  ampoule  contents  being  dispersed.  This 
table  also  shows  the  results  for  three  additional 
solvent  extraction  periods.  The  CR-B  soil  was  the 
only  matrix,  and  this  was  the  only  experiment  that 
included  PPG  as  an  extraction  solvent.  Two 
ANOVA  tests  were  performed  at  the  95%  confi¬ 
dence  level  with  this  data  set.  One  evaluated 
changes  in  analyte  concentration  relative  to  extrac¬ 
tion  period  for  each  of  the  three  solvents,  the  other 
compared  the  analyte  concentrations  established 
among  the  six  sample  preparation  methods.  In 
each  case  the  Fisher's  Protected  LSD  was  used  to 


determine  which  values  were  significantly  differ¬ 
ent. 

Figure  3  gives  plots  of  the  mean  concentrations 
established  for  the  three  solvents  for  each  extrac¬ 
tion  period.  In  each  figure,  points  designated  with 
a  different  letter  are  significantly  different  at  the 
95%  confidence  level.  With  the  exception  of  the  2- 
and  4-day  extraction  periods,  which  often  showed 
no  significant  change,  MeOIi  caused  an  increas¬ 
ing  concentration  trend  for  all  of  the  analytes.  The 
slow  rate  of  extraction  for  this  soil  with  MeOH 
was  surprising  since  this  trend  was  not  observed 
in  experiment  II  using  the  CR-A  soil.  Both  the  CR- 
A  and  CR-B  soils  were  obtained  the  same  general 
area  and  at  the  same  approximate  depth.  Although 
not  reported  here,  the  MeOH  extraction  kinetics 
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Figure  3  (cont'd).  Mean  analyte  concentrations  determined  for  each  extractant  and  extraction  period  for  the  CR-B 
vapor-fortified  soil  with  MeOH,  tetraglyme,  and  PPG.  Soils  designated  with  different  letters  are  significantly  differ¬ 
ent  at  the  95%  confidence  level 


of  this  soil  was  repeated.  The  results  of  this  addi¬ 
tional  experiment  confirmed  those  shown  in  Fig¬ 
ure  3. 

In  contrast,  after  the  initial  extraction  period, 
tetraglyme  failed  to  show  an  increase  in  analyte 
concentration  for  TDCE,  CDEC,  Ben,  TCE,  and 
PCE,  but  did  for  the  other  four  analytes.  PPG  only 
showed  an  increasing  analyte  concentration  for 
TDCE  after  the  initial  extraction  period.  In  all  cas¬ 
es,  MeOH  extraction  showed  the  highest  yields 
among  the  three  solvents  throughout  this  experi¬ 
ment. 

Table  7  also  shows  the  results  of  the  statistical 
analysis  of  the  six  sample  preparation  (extraction) 
and  analyses  performed  on  samples  within  a 
2-hour  period.  Under  these  conditions,  MeOH 
extraction  and  Aq-NaHS04-HS  usually  produced 


the  highest  analyte  concentrations  for  eight  of  the 
nine  VOCs  tested.  H-HS  gave  the  highest  recov¬ 
ery  for  TDCE,  the  most  volatile  analyte.  Howev¬ 
er,  recoveries  tended  to  decline  relative  to  MeOH 
extraction  with  increasing  analyte  boiling  point, 
to  the  extent  that  it  obtained  the  lowest  recovery 
among  the  six  methods  for  E-Ben,  p-Xyl,  and  o- 
Xyl.  Tetraglyme  and  Aq-NaCl  sat'd-HS  gave  sim¬ 
ilar  recoveries  that  were  significantly  below  MeOH 
and  Aq-NaHS04-HS  but  above  PPG  solvent  ex¬ 
traction. 

DISCUSSION 

When  developing  analytical  methods  for  envi¬ 
ronmental  samples,  one  of  the  most  important 
things  that  we  must  consider  is  method  robust- 
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ness:  consistent  accuracy  despite  inevitable  varia¬ 
tions  in  the  sample  matrix.  The  experiments  per¬ 
formed  here  included  four  soil  types,  and  several 
of  the  most  frequently  identified  constituents  at 
hazardous  waste  sites  (Plumb  and  Pitchford  1985), 
two  of  the  more  likely  pathways  (vapor  and  aque¬ 
ous  transfer)  of  vadose  zone  contamination,  and 
short  (days)  and  moderate  (weeks)  analyte-matrix 
residence  times.  Of  the  sample  preparation  meth¬ 
ods  tested,  solvent  extraction  with  MeOH  best  ful¬ 
fills  the  above-mentioned  criteria.  Recovery  of 
VOCs  from  these  laboratory-fortified  soil  samples 
with  MeOH  extraction  was  foimd  to  be  quantita¬ 
tive  for  all  soils  tested  (Table  5),  and  it  ultimately 
achieved  the  greatest  analyte  concentrations  for 
vapor-fortified  samples  (Tables  6  and  7).  In  the  case 
of  the  vapor-fortified  soil  samples,  where  concen¬ 
trations  could  only  be  operationally  defined  (spiked 
levels  were  not  controlled),  several  days  of  room 
temperature  (22°C)  extraction  with  MeOH  provid¬ 
ed  the  maximum  values.  The  only  surprising  re¬ 
sult  was  that,  with  the  CR-B  soil,  the  recovery  of 
VOCs  continued  over  a  very  long  period  (29  days. 
Fig.  3).  This  slow  extraction  kinetics  is  consistent 
with  the  recent  findings  of  Askari  et  al.  (1996). 
Therefore,  the  extraction  kinetics  of  VOCs  from  soil 
with  MeOH  can  be  an  important  variable. 

Of  the  two  other  solvents  studied,  tetraglyme 
often  failed  to  show  extraction  efficiencies  equiva¬ 
lent  to  those  of  MeOH  (Tables  5-7);  however,  the 
results  were  generally  better  than  those  achieved 
with  the  HS  techniques.  In  two  cases  MeOH  and 
tetraglyme  achieved  similar  results  for  some  of  the 
extraction  periods  used  with  the  Ott  and  Ft.  E  soils. 
In  general,  the  discrepancies  between  the  tetragly¬ 
me  and  MeOH,  which  had  been  previously  ob¬ 
served  by  Jenkins  and  Schumacher  (1987),  were 
foimd  to  increase  with  percent  organic  carbon  in 
the  test  matrix,  and  with  analyte  octanol-water  par¬ 
tition  coefficients.  In  general,  solvent  extraction  was 
independent  of  the  laboratory-spiking  method  and 
matrix-analyte  residence  time.  However,  an  unan¬ 
ticipated  finding  was  the  loss  of  chlorinated  com- 
poimds  from  the  tetraglyme  extraction  solution  in 
the  presence  of  a  soil  with  a  high  clay  content  (Fig. 
1, 2a,  d,  and  f). 


Initially,  we  thought  that  these  compounds  were 
adsorbed  back  onto  the  matrix,  since  rapid  dechlo¬ 
rination  processes  are  not  likely  imder  these  con¬ 
ditions  and  no  degradation  products  were  observed 
(i.e.,  increases  in  CDCE,  or  formation  of  tri-  or  di- 
chloroethanes  or  vinyl  chloride).  This  assumption 
was  based  on  the  hypothesis  that,  with  time,  tetra¬ 
glyme  caused  the  clay  lattice  to  swell,  opening  sites 
where  chlorinated  compounds,  such  as  TDCE, 
CDCE,  TCE,  and  PCE,  could  be  preferentially 
sorbed.  However,  this  theory  could  not  be  substan¬ 
tiated  by  introducing  MeOH  (20%),  sonicating,  or 
adding  CaCl2  to  the  sample  to  extract  or  exchange 
sorption  sites  with  these  chlorinated  compounds. 
Thus,  destruction  through  an  alternate  path,  or  a 
chemical  transformation,  remain  distinct  possibili¬ 
ties. 

The  other  solvent  tested,  PPG,  which  was  used 
in  only  one  experiment,  failed  to  show  extraction 
efficiencies  equivalent  to  those  of  MeOH  (Table  7). 
Moreover,  tetraglyme  achieved  significantly  high¬ 
er  concentrations  than  PPG  with  five  of  the  nine 
analytes  for  the  extraction  period  that  was  less  then 
2  hours  and  beyond. 

The  low  vapor  pressure  of  tetraglyme  and  PPG 
make  these  solvents  far  less  likely  to  interfere  with 
instrumental  analysis  procedures,  and  these  sol¬ 
vents  do  not  raise  the  flammability,  toxicity,  and 
regulatory  concerns  associated  with  MeOH.  A 
Method  Detection  Limit  (MDL,  Federal  Register 
1984)  study  was  performed  using  seven  4-g  soil 
subsamples,  each  spiked  with  44  ng/g  of  nine 
VOCs  and  allowed  to  equilibrate  for  2  days.  These 
aqueous  spiked  soils  were  then  extracted  with  8 
mL  of  tetraglyme.  MDL  values  obtained  are  pre¬ 
sented  in  Table  8.  To  achieve  this  level  of  detection 
for  HS  analysis  of  soil  extracts,  1  mL  of  the  solvent 
extract  was  transferred  to  a  VOA  vial  (22  mL)  and 
9  mL  of  NaCl-saturated  solution  was  added  just 
before  the  vial  was  capped.  With  this  preparation 
and  analysis  procedure,  the  soil  sample  only  expe¬ 
riences  20x  dilution  (a  2-fold  dilution  during  ana¬ 
lyte  extraction  from  the  soil  matrix  and  a  10-fold 
dilution  of  the  extraction  solvent  during  the  analy¬ 
sis  step).  With  MeOH,  often  only  a  0.100-mL  ali¬ 
quot  of  the  extraction  solvent  can  be  taken  for  analy- 


Table  8.  Method  detection  limit  (MDL)  study  of  soil  extracted 
with  tetraglyme. 


TDCE* 

CDCE 

Ben 

TCE 

Tol 

PCE 

E-Ben 

p-Xyl 

o-Xy! 

7.25 

8.97 

4.53 

14.4 

7.72 

10.4 

9.72 

14.1 

12.5 

*  See  Table  2  for  full  names. 
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sis  without  compromising  the  analysis  (or  analy¬ 
sis  system).  In  this  case,  the  sample  dilution  would 
be  200x,  thus  the  corresponding  MDLs  would  be 
some  lOx  greater. 

In  this  study,  all  three  equilibrium  HS  methods 
provided  lower  estimates  for  VOCs  than  those 
obtained  after  several  days  of  MeOH  extraction 
(Tables  5  and  7).  In  general,  the  differences  between 
estimates  using  HS  methods  and  those  obtained 
after  several  days  of  MeOH  extraction  increased 
with  organic  carbon  content  in  the  soil  matrix  and 
with  analyte  octanol-water  partition  coefficient. 
Furthermore,  unlike  the  comparison  between  tet- 
raglyme  and  MeOH,  the  method  of  sample  prep¬ 
aration  did  appear  to  have  an  influence  on  the 
equilibrium  HS  methods. 

H-HS  showed  better  recoveries  of  VOCs  from 
the  aqueous  spiked  samples  than  did  Aq-NaHS04- 
HS  preparation  and  analysis  (Table  5).  However, 
the  opposite  tended  to  take  place  for  a  vapor- 
fortified  sample  (Table  7).  These  two  experiments 
used  different  residence  times  for  analyte-matrix 
interactions  and  used  two  different  soils  from  the 
same  location.  Another  possible  explanation  for 
the  change  in  recovery  efficiency  between  these 
two  equilibrium  HS  procedures  is  the  difference 
in  soil  moisture.  For  the  vapor-fortified  laboratory 
treatment  procedure,  most  of  the  bulk  water  was 
removed  by  desiccation;  thus,  very  little  water  was 
present  during  the  H-HS  analysis.  In  the  absence 
of  soil  moisture,  organic  matter  could  perhaps  play 
a  much  greater  role  in  analyte  partitioning.  Future 
experiments  have  been  planned  that  will  address 
the  role  of  soil  moisture  and  the  use  of  higher  equil¬ 
ibration  temperatures  (100°C  or  higher),  as  recom¬ 
mended  by  Markelov  and  Guzowski  (1993)  and 
Kolb  et  al.  (1994)  for  a  full  evaporation  approach 
to  H-HS  VOC  analysis  in  soil. 

A  feature  common  to  all  of  the  equilibrium  HS 
methods  is  that  analytes  are  removed  from  a  ves¬ 
sel  that  still  contains  the  soil  matrix,  which  is  not 
present  in  the  standards.  The  presence  of  soil  has 
two  potential  effects.  First,  the  soil  plus  the  bro¬ 
ken  glass  ampoule  occupies  about  2  cm^  of  space 
(reducing  the  HS  from  about  12  to  10  cm^);  thus, 
samples  have  a  smaller  amount  of  HS.  Secondly, 
the  soil  is  available  for  analyte  partitioning. 

To  determine  if  the  reduced  headspace  volume 
for  the  samples  had  an  effect  on  analyte  response 
by  HS/ GC  analysis,  we  did  the  following  experi¬ 
ment.  For  each  of  the  three  HS  sample  procedures, 
triplicate  VOA  vials  with  and  without  2  cm^  of 
glass  beads  were  prepared  and  spiked.  Analysis 
of  these  three  HS  sample  preparation  procedures 


was  consistent  with  that  of  the  samples.  An 
ANOVA  performed  at  the  95%  confidence  level  on 
the  results  of  these  comparisons  (Table  9)  showed 
that  often  the  mean  responses  for  the  VOA  vials 
with  beads  for  both  the  H-HS  and  for  the  Aq-NaCl 
sat'd-HS  procedures  were  significantly  enhanced. 
This  effect  is  apparent  for  the  spike  recoveries  ob¬ 
tained  for  the  Ott  sand  in  Table  5,  where  the  val¬ 
ues  for  this  matrix  are  greater  than  spike  values. 
This  enhancement  of  analyte  signal  by  changing 
the  headspace  volume  is  consistent  with  theoreti¬ 
cal  considerations  (Roe  et  al.  1989). 

The  magnitude  of  differences  caused  by  varia¬ 
tions  in  the  headspace  volume  between  samples 
and  standards,  however,  are  small  in  comparison 
to  the  potential  for  analyte  loss  because  of  parti¬ 
tioning  with  the  soil  matrix.  Table  5  shows  that 
the  headspace  volume  that  was  decreased  by  the 
Ott  soil  appears  to  cause  as  much  as  an  11%  in¬ 
crease  in  analyte  response,  while  reductions  in 
analyte  recoveries  for  the  other  three  soils  ranged 
from  inconsequential  to  more  than  90%.  Clearly, 
losses  attributable  to  analyte  partitioning  can  re¬ 
sult  in  very  poor  recoveries  of  VOCs  for  certain 
soils  when  an  equilibrium  sample  preparation  and 
analysis  method  is  used. 

Losses  from  analyte-matrix  partitioning  were 
not  only  found  to  increase  with  the  organic  car¬ 
bon  content  in  the  soil  and  with  the  analyte  oc¬ 
tanol-water  partition  coefficient,  but  also  with  the 
salt  content  of  the  sample  preparation  solution. 
The  aqueous  solutions  acidified  with  NaHS04 
were  0.21  M  for  the  Aq-NaHS04-HS  procedure 
and  at  least  6.2  M  for  the  Aq-NaCl  sat'd-HS  pro¬ 
cedure.  Lower  analyte  recoveries  ascribable  to  this 
salting-out  effect  are  apparent  in  both  Tables  5  and 
7  for  the  CR-A/B  and  Ft.  B  soils  by  comparing 
results  obtained  by  the  two  procedures. 

When  HS/ GC  is  used  to  analyze  water,  the  par¬ 
titioning  of  VOCs  into  the  vapor  phase  from  solu¬ 
tion  is  more  strongly  increased  by  salt  addition 
than  by  increases  in  temperature  (Friant  and  Suf- 
fet  1979).  Usually,  in  the  analysis  of  aqueous  solu¬ 
tions  by  equilibrium  HS/ GC,  both  parameters  are 
managed  in  concert  for  optimal  partitioning.  Ac¬ 
cordingly,  the  standards  prepared  for  equilibrium 
Aq-NaCl  sat'd-HS  had  analyte  responses  some 
two  to  four  times  greater  than  those  prepared  with¬ 
out  added  salt  (Table  9).  Enhanced  analyte  re¬ 
sponses,  obtained  when  a  miscible  organic-aque¬ 
ous  solution  was  salted-out,  were  used  several 
times  in  this  study  (for  estimating  MDLs,  estimat¬ 
ing  analyte  concentrations  on  aqueous-treated  soil 
and,  likewise,  the  Ott  vapor-fortified  soil). 
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Table  9.  Instrument  responses  to  HS  equilibrium  standards  with  and 
without  glass  beads  occupying  2  cm^  of  space. 


Analyte  response  (peak  heif^ht  or  area) 


Method  TDCE* 

CDCE 

Ben 

TCE 

Tol 

PCE 

E-Ben 

p-Xyl 

o-Xyl 

HS-NaHS04 

No  beads 

302 

151 

547 

274 

816 

365 

859 

876 

615 

±21 

±10 

±27 

±11 

±42 

±16 

±51 

±44 

±27 

Beads 

309 

153 

566 

286 

854 

387 

883 

901 

628 

±10 

HS-NaCl/HjPOl 

±4.5 

±17 

±10 

±28 

±13 

±21 

±47 

±26 

No  beads 

674 

527 

1730 

630 

2580 

624 

2470 

2600 

2460 

±13 

±7.5 

±20 

±10 

±50 

±15 

±38 

±75 

±26 

Beads 

759+ 

575+ 

1870+ 

712+ 

2850+ 

704+ 

2730+ 

2970+ 

2750+ 

±27 

±12 

±66 

±30 

±57 

±20 

±95 

±61 

±65 

Heated  HS 

No  beads 

541 

553 

1460 

476 

2030 

455 

1800 

1960 

2010 

±6.0 

±6.4 

±25 

±9.0 

±10 

±7.2 

±26 

±29 

±81 

Beads 

573+ 

576+ 

1550+ 

507+ 

2140+ 

476+ 

1900+ 

2040 

2120 

±10 

±9.0 

±5.8 

±4.2 

±35 

±7.5 

±17 

±51 

±51 

*  See  Table  2  for  full  names. 

t  Standards  with  beads  had  significantly  greater  responses  than  without  beads. 


However,  this  salting-out  approach  for  prepar¬ 
ing  soil  samples  for  equilibrium  HS  analysis  failed 
to  achieve  a  similar  enhanced  analyte  response. 
Instead,  the  matrix-analyte  interactions  cited  pre¬ 
viously  increased.  A  possible  explanation  for  this 
phenomenon  is  that  organic  carbon,  which  can  be 
thought  of  as  a  separate  phase  into  which  hydro- 
phobic  VOCs  can  partition,  is  a  more  favorable 
repository  than  the  vapor  state  under  salting-out 
conditions.  Indeed,  a  study  by  Jenkins  and  Miyares 
(1991)  demonstrated  how  organic  compounds 
could  be  efficiently  salted-out  of  a  large  volume 
of  aqueous  solution  and  into  a  small  volume  of  an 
organic  solvent  as  a  preconcentration  procedure. 

Flores  and  Bellar  (1993a,b)  have  also  studied, 
in  the  laboratory,  Aq-NaCl  sat'd-HS  sample  prep¬ 
aration  and  analysis.  Their  experiments  used  four 
soil  matrices  and  some  57  VOCs.  Very  similar 
trends  for  recoveries  relative  to  organic  carbon 
content  of  the  matrix  and  analyte  octanol-water 
partition  coefficient  were  found.  They  concluded 
that  lower  (49  to  1%)  "recoveries  were  not  due  to 
inefficient  headspace  analysis,  but  to  stronger 
adsorption  capacity  of  soil."  Furthermore,  they 
stated  that  "the  results  obtained  with  the  7000-HA 
are  equivalent  or  better  than  current  methodolo¬ 
gy  for  volatiles  in  soil," 

The  results  reported  here  are  contrary  to  both 
of  these  statements.  Using  a  salting-out  approach 
enhances  matrix  effects,  resulting  in  a  reduced 
amount  of  analyte  being  available  to  partition  with 


the  headspace  phase.  Therefore,  headspace  meth¬ 
ods  become  less  effective  with  salting-out.  For  pre¬ 
paring  samples,  MeOH  extraction,  and  perhaps 
many  other  solvents,  would  achieve  much  greater 
analyte  recoveries  than  the  headspace  method  that 
Flores  and  Bellar  (1993a,b)  used. 

To  correct  for  these  matrix  effects,  Flores  and 
Bellar  (1993a,b)  have  recommended  introducing 
as  many  as  seven  surrogates  that  have  similar 
chemical  and  physical  properties  as  the  com¬ 
pounds  most  affected.  To  achieve  realistic 
correction  factors,  analytes  that  are  introduced  as 
surrogates  must  be  allow  to  achieve  a  similar  equi¬ 
librium  (partition)  as  the  contaminants.  As  recently 
noted  by  both  Pignatello  and  Xing  (1996)  and 
Grant  et  al.  (1996),  spiked  analytes  are  unlikely  to 
ever  replicate  the  characteristics  of  contaminants. 

To  illustrate  this  concept,  the  following  compar¬ 
ison  was  made.  Recoveries  estimated  when  surro¬ 
gates  were  added  to  slurries  of  2  g  of  the  Ft.  B  soil 
in  10  mL  of  the  Aq-NaCl  sat'd-HS  solution  were 
used  to  correct  the  estimates  shown  in  Table  5,  for 
the  same  soil  and  solution.  The  discrepancies 
shown  in  Table  10  between  the  corrected  and 
spiked  values,  while  improved,  still  are  far  from 
accurate  (19  to  59%,  low).  Here,  the  only  differ¬ 
ence  between  the  two  sets  of  samples  are  a  2-4 
hour  analyte-slurry  contact  vs.  a  2-day  aqueous 
sorption  period  followed  by  a  2-day  dispersion- 
extraction  at  4°C.  Differences  between  surrogate 
spikes  and  environmental  samples  will  typically 


17 


Table  10.  Correction  factors  based  on  two  exposure  conditions  and 
periods  between  analytes  and  the  Pt.  B  soil  as  prepared  for  Aq-NaCl 
sat'd-HS  analysis. 


TDCE* 

CDCE 

Ben 

TCE 

Tol 

PCE 

E-Ben 

P-Xyl 

o-Xyl 

Correction 

factors^ 

1.47 

1.92 

2.00 

2.36 

3.19 

3.00 

4.67 

5.20 

7.10 

Corrected 

values** 

6.73 

6.57 

4.18 

5.92 

3.76 

3.72 

2.90 

2.81 

3.76 

Spiked 

values^^ 

8.26 

8.45 

5.83 

9.98 

6.54 

9.10 

6.23 

6.22 

6.71 

*  See  Table  2  for  full  names. 

t  Correction  factors  based  on  analytes  added  to  aqueous  slurry  2-A  hours  prior  to 
analysis. 

**  Corrected  analytes  estimates  (^g)  from  Table  5  of  the  aqueous  treated  Pt.  B  soil, 
tt  Analyte  concentrations  (gg)  in  aqueous  spike. 


be  much  greater  with  regard  to  residence  times 
and  methods  of  analyte-contaminant  introduc¬ 
tion. 

Proposed  Methods  5021  and  5035  both  recom¬ 
mend  in-vial  methods  to  solve  the  volatilization 
and  preservation  issues  that  plague  VOC  deter¬ 
minations  in  solid  waste  matrices.  These  two  loss 
mechanisms  have  been  shown  to  often  cause  more 
than  a  90%  reduction  in  VOCs  between  collection 
and  analysis  (Hewitt  et  al.  1995,  Hewitt  and 
Lukash  1996).  Clearly,  in-vial  methods  are  neces¬ 
sary  for  obtaining  site-representative  VOC  concen¬ 
trations  from  vadose-zone  samples.  These  two 
methods,  along  with  the  currently  used  Method 
5030,  recommend  an  aqueous  dispersion-extrac¬ 
tion  method  for  low-level  (less  than  0.2  mg/kg) 
VOC  determinations  in  soils  and  MeOH  extrac¬ 
tion  for  high-level  (more  than  0.2  mg/kg)  deter¬ 
minations.  The  water-based  sample  analysis  pro¬ 
cedures  for  Methods  5030  and  5035  are  performed 
by  dynamic  purging,  while  static  headspace  is 
used  for  Method  5021. 

As  shown  here  and  previously,  MeOH  is  a 
superior  solvent  in  comparison  to  water  for  recov¬ 
ering  VOCs  from  soils  (Hewitt  et  al.  1992,  Askari 
et  al.  1996,  Minnich  et  al.  1996),  and  because  of 
mass  transfer,  dynamic  purging  may  be  more  effi¬ 
cient  than  the  static  equilibrium  methods  (Hewitt 
et  al.  1992),  With  regard  to  establishing  represen¬ 
tative  VOC  values  for  soil  samples,  the  discrepan¬ 
cies  among  sample  preparation  methods  found 
here  and  elsewhere  (Flores  and  Bellar  1993a,b)  can 
rival  the  error  associated  with  volatilization  and 
biological  degradation  losses  incurred  during  col¬ 
lection  and  handling. 


SUMMARY 

This  comparison  of  different  sample  prepara¬ 
tion  methods  for  the  analysis  of  VOCs  in  soils  was 
made  on  samples  that  exclude  the  systematic  error 
associated  with  sample  collection  and  handling. 
Investigators  who  have  taken  precautions  to  elim¬ 
inate  confounding  effects  all  have  concluded  that 
MeOH  extraction  is  the  most  robust  method  of 
recovering  VOCs  from  soil.  To  my  knowledge, 
papers  that  report  contrary  findings  either  made 
no  attempt  to  or  failed  to  limit  the  error  associat¬ 
ed  with  sample  handling.  Except  in  the  case  where 
there  are  no  matrix  effects  (i.e.,  little  or  no  organic 
carbon  or  clay  content)  such  as  was  shown  for  Ott 
sand,  yields  less  than  what  can  be  obtained  using 
MeOH  extraction  will  often  be  obtained  when 
either  purging  a  soil-water  slurry  or  performing 
an  equilibrium  HS  analysis  of  a  soil  or  soil-water 
slurry.  In  general,  soil  matrix  effects  will  increase 
with  the  analyte  octanol-water  partition  coefficient 
and  the  organic  carbon  content  of  the  soil.  Fur¬ 
thermore,  because  analyte-organic  carbon  matrix 
effects  increase  with  increasing  solution  electro¬ 
lyte  concentrations,  using  a  salting-out  approach 
with  soils  can  create  more  problems  than  advan¬ 
tages. 

Any  of  the  equilibrium  HS  methods  described 
here  would  be  adequate  for  on-site  screening 
applications,  where  the  number  of  samples  that 
can  be  inexpensively  processed  is  of  greater  impor¬ 
tance  than  the  certainty  of  any  single  value.  In 
addition,  alternative  solvents  could  be  used  to 
reduce  regulatory  agency  concerns  and  achieve 
lower  detection  limits  than  currently  can  be 
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obtained  with  MeOH.  The  intent  of  this  study  was 
to  make  users  of  equilibrium  HS/ GC  methods  and 
alternative  solvents  aware  of  potential  matrix-an¬ 
alyte  interactions.  As  stated  before,  on  a  site-per- 
site  basis,  these  interactions  can  easily  be  identi¬ 
fied  as  a  potential  concern  by  the  assessment  of  sur¬ 
rogate  or  matrix  spike  recoveries.  Often,  these  in¬ 
teractions  will  be  small,  perhaps  even  insignificant, 
because  vadose-zone  soils  rarely  have  high  (>1%) 
organic  carbon  contents. 

In  the  development  of  a  performance-based 
measurement  system  for  the  analysis  of  VOCs  in 
soil  matrices,  determinant  and  indeterminate  error 
associated  with  sample  collection  and  analysis  must 
be  clearly  identified.  Furthermore,  MeOH  extrac¬ 
tion  and  matrices  other  than  quartz  sand  (a  single 
low  organic  carbon  soil)  should  be  included  in  the 
performance  evaluation  study. 
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